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We present a quantum scattering calculation of initial-state-resolved reaction probabilities, integral cross
section, initial state selected reaction rate constants and thermal rate constant for exchange and depletion
channels of the H+ND reaction. The calculations are carried out using Coriolis coupling (CC) method on the
modiﬁed NH2 ~A2A1 potential energy surface(PES). The initial state selected reaction probabilities are calcu-
lated for 0.0–0.5 eV of collision energy range. The reaction probabilities for depletion channel shows some
sharp and large resonances associatedwith long-lived collision complexes, as compared to exchange chan-
nel. Integral cross sections for both reactions depend strongly on initial rotational states. The calculated
thermal reaction rate constant for the depletion channel is in a good agreement with the values previously
obtained by the centrifugal sudden approximation, experimental and semiclassical results.
 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license. 1. Introduction
It is well known that neglection of Coriolis coupling (CC) in
quantum dynamical simulations of bimolecular reactions de-
creases the computational cost to a large extent [1]. But at the
same time, computational accuracy and efﬁciency is also reduced
to some extent. Recently, exact calculations including the CC have
been carried out for various reactions in several theoretical inves-
tigations [2–11].
NH+H reaction and its isotopic variants play an important role in
many gas-phase environments, particularly, those in combustion,
atmospheres and even cold interstellarmedia. The NH radical is a po-
tential target to understand noncatalytic radical mechanisms of
ammonia formation. Therefore, it has been the subject tomany theo-
retical and experimental studies. Qu et al. [12] and Adam et al. [13]
measured room-temperature rate constants from a quasistatic la-
ser-ﬂash photolysis and laser-induced ﬂuorescence system at low
pressures for NHðX3RÞ þ Dð2SÞ and NHða1DÞ þHð2SÞ reactions, and
their deuterated variants. These authors also computed twopotential
energy surfaces and calculated semiclassical cross sections, and rate
constants. The reactants correlate with the NH2 ~X2B1 and ~A2A1 dou-
blet electronic states, respectively. Themost accurate global potential
energy surfaces for these two electronic states were obtained at the
multireference-conﬁguration interaction level, plus Davidsoncorrection, via the aug-cc-pvqz atomic basis. The calculated reaction
rates on these surfaces showed a good agreement with experimental
results [12,13]. Akpinar et al. [14] andDefazio et al. [15]presented the
quantummechanicalwavepacket (WP), experimental andquasiclas-
sical trajectorybased results for the reactions of electronically excited
NHða1D; m ¼ 0Þ and electronically and vibrationally excited
NHða1D; m ¼ 1Þ, respectively. The state-to-state dynamics of NH+H
reaction has been studied for exchange and abstraction channels
using quantum mechanical and quasiclassical methods [16] on the
groundelectronic state onNH2(X
2A00),which features adeeppotential
well and barrierless reaction pathway [17]. Defazio et al. presented
the quantum dynamics of Renner–Teller and isotopic effects in
NHða1DÞ þ Dð2SÞ reactions. Renner–Teller (RT) interactions between
the involved electronic states were taken into account via a semiem-
pirical RT matrix element, and a real wavepacket method with cou-
pled channel formalism [18] was employed for the dynamics.
Surucuetal. [19,20]have recently reported the reactionkineticsusing
centrifugal sudden approximation for depletion and exchange chan-
nels of H+ND and D+ND reactive scattering, respectively.
In this Letter, we investigate the effect of the Coriolis coupling in
the quantum calculations for the NDða1DÞ þ Hð2SÞ !
Nð2DÞ þ HDðX1Rþg Þ
NHða1DÞ þ Dð2SÞ
( )
depletion and exchange reactions, respec-
tively. CC calculations have been carried out for the initial rota-
tional states j0 = 2, 3, 4, 5 to get the reaction probabilities, cross
sections, rate constants and thermal rate constant for exchange
and depletion channels for the values of the total angular momen-
tum quantum number J up to 33. The results have been compared
to available experimental and previously calculated theoretical
results.
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The Hamiltonian operator for an atom–diatom system in a
body-ﬁxed (BF) reference frame may be written in terms of reac-
tant Jacobi coordinates (R,r,c) as (⁄ = 1).
H^ ¼  1@
2
2lR@R
2 
1@2
2lr@r2
þ 1
2
1
lRR
2 þ
1
lrr2
 !
j^2 þ ½^J
2  2J^z^jz
2lRR
2
 ½^Jþ j^ þ J^ j^þ
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Figure 1. CC initial-state-resolved depletion reaction probabilities for different K0 values
values as a function of collision energy.
Table 1
Parameters of the calculations.a
Sinc initial WP: Translational energy center
R center and width
Smoothing parameter
R range and number of grid points
r range and number of grid points
Number of associated Legendre polynomials
Potential and centrifugal cut-off
R and r absorption start at
R and r absorption strength
Flux analysis at r
a Values in a.u., unless otherwise speciﬁed.Here R is the distance between H atom and the center of mass of
ND, r is the ND bond length, and c is the angle between R and r.
lR is the reduced mass of the H-ND system, lr is the reduced of
ND molecule. j^ is the rotational angular momentum operator of
ND molecule and J^ is total angular momentum operator. J^z and j^z
are the operators corresponding to the z components of J^ and j^,
respectively. The corresponding raising (lowering) operators,
J^þð^JÞ and j^þð^jÞ, are the responsible for Coriolois coupling.
VðR; r; cÞ is the interaction potential in Ref. [13].
The state resolved reaction probabilities can be extracted by
calculating the ﬂux at a ﬁxed surface of the time-dependent part
of the wave function asJ=33
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where Uþm0 j0 ðEÞ denotes the time-independent full scattering wave
function. m0 and j0 are the initial vibrational and rotational quantum
numbers of diatomic molecule. The J-dependent reaction probabil-
ity is computed from the propagated wave packet as
PJm0 j0 ðEcolÞ ¼
1
2jþ 1 ½P
JpK0¼0
m0 j0
ðEcolÞ þ 2
X1
K¼1
PJpK0m0 j0 ðEcolÞ ð3Þ
where p = ± is the parity, K0 6minðJ; j0Þ is the projection quantum
number of both J and j0 along z axis and Ecol is the translational en-
ergy. It may be seen from Eq. (3) that the Coriolis term has effect on
the second term in the equation. Therefore, in the present study, the
initial rotational quantum number was started from 2. The total
reaction probability for any selected initial quantum state v0, j0,
K0 is calculated by summing the state-to-state reaction probabilities
over all ﬁnal quantum states v, j, K. On the other hand, the reaction
cross section for an initial state of v0, j0, K0 is simply calculated by
summing the total reaction probabilities over all available J states as
rm0j0K0 ðEcolÞ ¼
p
2mREcol=h
2
X
J
ð2J þ 1Þ
X1
J¼K0
Pjm0 j0ðEcolÞ ð4Þ
The initial state speciﬁc rate constant is obtained by Maxwell
averaging the cross sections over all collision energy values as0.00
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Figure 2. CC initial-state-resolved exchange reaction probabilities for different K0 values
values as a function of collision energy.km0 j0 ðTÞ ¼
8
pmRk3BT
3
 !1=2 Z 1
0
dEcolEcoleEcol=kBTrm0 j0K0 ðEcolÞ ð5Þ
where kB is the Boltzmann constant. Finally, the thermal rate con-
stant is obtained by averaging the initial states rate constants by
the Boltzmann probabilities pvj(T) of the initial states,
kðTÞ ¼
X
m0 j0
km0 j0 ðTÞpm0j0 ðTÞ ð6Þ
where
pm0 j0ðTÞ ¼
ð2j0 þ 1Þeem0 j0 =kBTX
m0 j0
ð2j0 þ 1Þeem0 j0 =kBT
ð7Þ
The term at the denominator of Eq. (7) denotes the reactant par-
tition function of the internal states. em0,j0 is the energy of the initial
rovibrational state of ND.3. Results and discussions
We used the quantum mechanical real WP and ﬂux analysis
method [21–22], to calculate the reaction probabilities, cross sec-
tions, rate constants and thermal rate constant for the H+ND reac-
tion. A modiﬁed PES for NH2~A2A1 was employed in theseJ=33
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Figure 3. CC and CSA initial-state-resolved reaction probabilities as a function of collision energy at selected total angular momentum values for both depletion and exchange
reactions.
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Figure 4. A comparison between CC and CSA cross sections of different initial rotational states for depletion reaction as a function of collision energy.
24 S. Akpinar, S.S. Hekim /Chemical Physics Letters 578 (2013) 21–27calculations [14]. The initial wave packet was set up in the sinc
form [23] and a three-term Chebychev propagator [24] based on
a shifted and scaled Hamiltonian operator has been used for thepropagation of the wave function. We calculated CC initial-state-
resolved reaction probabilities PJpj0K0 ðEcolÞ for all K values, namely
J ¼ K0, K0+1, K0+2, K0+3,. . ..,K. Note that the number of K is large
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Figure 5. A comparison between CC and CSA cross sections of different initial rotational states for exchange reaction as a function of collision energy.
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Figure 6. CC and CSA rate constants of initial rotational states for depletion reaction as a function of temperature.
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reactant diatom NDða1D; m0 ¼ 0; j0Þwas considered to be in the ﬁrst
excited electronic state a1D, in the ground vibrational state m0 ¼ 0,
and in the rotational state j0 P 2 [14]. Many test calculations have
been performed to check the convergence of the numerical param-
eters given in Table 1. The propagation of the wavepacket requires80000 steps (iterations) to converge. CC calculations were per-
formed using an MPI parallel code on 4XAMD Opteron 6174 pro-
cessor where each process works on one K value.
The collision energy dependence of CC reaction probabilities
calculated for different K0 values are plotted in Figures 1 and 2
at m0 ¼ 0, j0 = 2, 3, 4, 5 and J = 5, 15, 25, 33 for depletion and ex-
26 S. Akpinar, S.S. Hekim /Chemical Physics Letters 578 (2013) 21–27change channels, respectively. Although, the ~A2A0 PES is barrierless
for both channels, the exchange channel reaction probabilities
show a threshold due to its endothermicity, but depletion reaction
for J = 0 does not present any thresholds. All the probabilities for
depletion channel show a strong and sharp oscillatory structure,
attributed to long lived states, up to Ecol = 0.5 eV and Jmax = 33,
due to the deep and wide potential wells. The reaction probabilities
for depletion channel are generally higher than the exchange chan-
nel over the studied energy range. As seen in Figures 1 and 2 for
both reactions, the oscillatory structure is reduced at high J values,
as expected by the Coriolis-coupling averaging among many K
states, and by the ND rotational excitation. This is due to the initial
centrifugal terms ½JðJ þ 1Þ þ j0ðj0 þ 1Þ  2K20=2lRR2. This term also
effects the probability thresholds of both reactions.
Figure 3 shows a comparison of initial-state-resolved probabil-
ities at selected total angular momentum J = 0, 10, 20, 30, 33 of
depletion channel and J = 0, 5, 10, 15, 33 of exchange channel for
initial quantum numbers m0 ¼ 0, j0=2 and K0=0 calculated by the
Centrifugal Sudden Approximation (CSA) [19] and the present CC
method. The values and the pronounced extent of the resonances
peaks in the calculated probabilities for both reactions are very dif-
ferent for the CC and CSA calculations. The CC probabilities have ri-
cher, but less pronounced, resonance structures than the CSA ones,
in particular in the low energy region. It can also be seen that the
CC probabilities have slightly lower threshold energy than the CSA
ones. As J increases for both reactions, the threshold shifts to high-
er energies and the resonance structure becomes less evident, par-
ticularly for CC calculations. It can be seen that reactive resonances
are more pronounced for depletion channel as comperred to ex-
change channel. While CC probabilities at higher total angular
momentum values are observed for exchange reaction, CSA proba-
bilities are absent at the same total angular momentum values due
to neglection of the Coriolis coupling effect.
A comparison of CC and CSA [19] cross sections of the H+ND
(m0 ¼ 0; j0 ¼ 2;3;4;5 reaction for the depletion and exchange reac-
tions are presented in Figures 4 and 5 as a function of collision en-
ergy. To obtain the CC cross sections, the reaction probabilities
were calculated for all the J values in the range 0 6 J 6 Jmax. It
can be seen from these ﬁgures that the behavior of the cross0
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Figure 7. CC and CSA rate constants of initial rotational stasections for both reactions is rather different. Because of nature
of the NH2~A2A1 PES [13–14], the depletion cross section does not
have a threshold for both CC and CSA results and cross sections de-
crease with increasing collision energy. But for the exchange reac-
tion, reaction thresholds are seen for both the exact and
approximate results. Also, the reaction cross sections increase with
increase in collision energy as expected for an endothermic reac-
tion, for this channel. The reaction thresholds decrease with in-
crease in initial rotational quantum state of ND molecule. As
shown in Figures 4 and 5, for both depletion and exchange cross
sections, the CC cross section is larger than the CSA ones due to
the Coriolis coupling effect. So, CC cross section has a greater effect
in the exchange reaction than in the depletion channel. As the col-
lision energy increases, the difference between the CC and CSA
cross sections for exchange reaction become larger. Reason is that
the effect of the Coriolis coupling terms (the K values) for exchange
reaction is negligible for low collision energy. But it has a greater
effect with increasing energy, which is in agreement with that of
some other reaction systems [6,8,10,11]. It is important to note
that for reactive systems, many K states are highly populated and
have a signiﬁcant contribution.
The calculated CC and CSA [19] initial state speciﬁed rate con-
stants are shown in Figures 6 and 7 as a function of temperature
for depletion and exchange reaction, respectively. The temperature
dependence of the rate constants dramatically differ for both reac-
tions. At lower temperatures, the differences between CC and CSA
rate constants are relatively small, but as the temperature in-
creases, large differences are observed. As can be seen, for deple-
tion and exchange reactions, CC rate constants are larger than
CSA rate constants for all initial rotational states in the studied
range of temperatures. Both CC and CSA initial rate constants ini-
tially increase at lowest temperatures, then decrease slightly with
increasing temperature reaching almost a constant value. Similar
results were reported for the NH+H isotope variant of the reaction
[14]. We also calculated the CC thermal rate constant including the
1/2 electronic degeneracy factor of both reactions using Eq. (7). For
depletion channel, the CC thermal rate constant was compared
with the experimental value [13], the semiempirical trajectory-
surface hopping value [13] and the value obtained from CSAT /K
CC
CSA
j0=3
000 500 1000 1500 2000
CC
CSA
j0=5
tes for exchange reaction as a function of temperature.
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constant at 300 K was calculated as 5.76  1011 cm3 s1. Our re-
sult is in good agreement with the experimental value of
8.14  1011 cm3 s1. In comparison, CSA and semiempirical tra-
jectory-surface hopping calculations have reported values of
1.74  1011 cm3 s1 and 7.74  1011 cm3 s1, respectively. The
thermal rate constant for exchange channel has not been experi-
mentally observed so far [13]. But the CSA thermal rate constant
at 300 K was obtained as 0.35  1012 by Surucu et al. [19]. Their
value is at least 10 times lower than our values 3.33  1012 ob-
tained by CC method.
4. Conclusions
We have carried out detailed quantummechanical Coriolis cou-
pling calculations for the H+ND reaction on the modiﬁed NH2~A2A1
PES. It has been shown that it is possible to obtain CC initial-state-
resolved reaction probabilities with respect to all K values. We
found that the reactivity of the depletion reaction is far greater
than that of the exchange reaction. The difference between CC
and CSA cross sections becomes increasingly obvious with increase
in the collision energy. The thermal rate constant result at 300 K
agree quite well with the available experimental value. It is con-
cluded that the CS approximation does not work for this system
and higher values of K are required to obtain converged reaction
cross sections.
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